Abstract. Effects of radiation on growth of two human tumour cell lines that survived a previous high dose, low dose-rate radionuclide exposure simulating intensive radionuclide therapy, were analyzed. The purpose was to investigate whether the survivors gained therapy induced changes in growth and radiation response. The U118MG, ParRes (parental resistant), and U373MG, ParSen (parental sensitive), glioma cells were used because they are known to be low dose-rate radiation resistant and sensitive, respectively. These cells were initially exposed to high dose, low dose-rate radiation for 24 h and surviving U118MG and U373MG cells formed new cultures called SurRes (surviving resistant) and SurSen (surviving sensitive), respectively. All four cell types were then exposed to graded acute radiation doses, 0-8 Gy, and analyzed for radiation induced growth disturbances. They were also analyzed regarding DNA-content and cell cycle distributions. The SurRes cells regained in most cases the same growth rate, had the same growth delays and showed generally a similar response as the original ParRes cells to the 0-8 Gy exposures. In contrast, the SurSen cells had in all cases slower growth rate and longer growth delays than the original ParSen cells after the 0-8 Gy exposures. There were no signs of radiation-induced radioresistance. The slow growing SurSen cells contained about 80% more DNA and had more cells in G 1 and fewer in G 2 than the ParSen cells. The conclusion is that tumour cells surviving high dose, low dose-rate, radionuclide therapy, afterwards can react differently to a new radiation exposure.
Introduction
Radionuclide therapy is presently used for treatment of lymphomas (1,2) using radiolabelled antibodies. It is also used for neuroendocrine (3, 4) and paediatric tumours (5) using radiolabelled somatostatin analogues and mIBG, respectively. In the majority of those cases beta emitters such as 90 Y, 131 I or 177 Lu have been applied. The results have, so far, essentially shown palliative effects (2, (6) (7) (8) and there is hope that combinations of different beta particle emitters, e.g. 90 Y and 177 Lu, will further improve the therapy results (9) . The introduction of radionuclide therapy for gliomas is an interesting option and has only been tried in a limited number of cases (10) .
Radionuclide therapy is characterized by the delivery of rather high radiation doses but given with low dose-rate. The dose-rates in targeted low-LET (linear energy transfer) radionuclide therapy are typically in the order of 0.01-1.0 Gy/h (6, (11) (12) (13) (14) which is much lower than the 0.5-2.0 Gy/min used in conventional external radiotherapy (15, 16) . Low dose-rate allows for DNA repair and cellular repopulation during the radiation exposure, which is not the case during high doserate exposures (16, 17) .
The idea behind this study was that low dose-rate irradiated tumour cells that survived a targeted low-LET radionuclide therapy, in spite of the high total radiation dose, were expanded to new cell cultures. The question was then whether the survivors have changed their growth properties as seen after new radiation exposures. It is, of course, not possible to give a general answer by studying only two tumour cell lines, one known to be resistant to low dose-rate radiation and one known to be sensitive to such exposure. However, the studies can at least give two examples of what can happen. Actually, there are reasons to believe that tumour cells might have changed properties after therapy. Genomic instability with its elevated mutation rates together with the selective pressure of radiation therapy can, at least in theory, be a ground for the development of sub-clones with changed growth properties and these cells could possibly contribute to therapy failure (18) .
In this study, all radiation exposures were given to samples containing (0.5-1.0) x 10 5 tumour cells. The choice of about 10 5 cells was somewhat arbitrary and is based on arguments previously described (19) . This number represents a small tumour cell cluster that cannot be identified by diagnostic routine procedures such as CT or MRI unless the tumour cells cause macroscopic changes in the surrounding normal tissues. Furthermore, this number of tumour cells does in most cases not give symptoms for the patient. Thus, a cluster of about 10 5 tumour cells can be considered a subclinical tumour. It should also be noted that about 10 5 tumour cells in a normal cell culture dish or flask give enough space to allow for exponential growth and, at the same time, frequent cell-cell contacts.
To kill about 10 5 cells with radiation, it is necessary to reach a survival probability for each cell of <10 -5 . It is uncertain which radiation dose must be applied for that since the experimental data in conventional survival curves is not valid for low survival levels and high radiation doses. The shape of survival curves is also uncertain when the radiation is given at low dose-rate. However, a recent study on effects of low dose-rates on cellular long-term growth has indicated that total radiation doses in the range 20-40 Gy, given with doserates 0.1-1.0 Gy/h, are necessary to have a reasonable chance to kill about 10 5 cells. The doses around 20 Gy are for sensitive cells and about 40 Gy for resistant cells (19) .
There are several factors that determine the dose-rate in radionuclide therapy of solid tumours and locally spread tumour cells, such as injected amount of radioactivity and variations in vessel wall leakage and changes in blood flow. In addition, there might be time-dependent variations in the expression of target structures on the tumour cells. The achievable dose-rates are to a large extent also a consequence of the cross-fire effect. This means that radionuclides associated to one cell also irradiate neighbouring cells due to the long range of the radiation (20, 21) and can increase the dose-rate 10-fold. It is therefore reasonable that dose-rates in the range we have used in the initial selection experiments in this study can be achieved in a patient tumour, i.e. ≤1 Gy/h. Futhermore, beta particles with long range will enable rather uniform dose-distributions and hopefully give therapeutic relevant radiation doses also to non-targeted tumour cells.
Lower dose-rates than 0.1 Gy/h will probably not lead to curative treatments when beta particles are applied to kill clusters containing about 10 5 cells (19) . The dose-rate will actually be <0.1 Gy/h for a single isolated tumour cell (no cross fire effect) considering only the radionuclides bound to that cell (22) , which is an obvious drawback, but the dose might anyhow be enough to kill that single cell.
In this study, effects of radiation on growth of two tumour cell lines that survived a previous high dose, low dose-rate radiation exposure, simulating intensive radionuclide therapy was analyzed. The purpose was to investigate whether the survivors had gained therapy induced changes that could be seen in the response to new radiation exposures.
Materials and methods

Cells.
The parental cells used were the two gliomas U118MG and U373MG, called ParRes (parental resistant) amd ParSen (parental sensitive), respectively. The cells were obtained from the Department of Genetics and Pathology, Uppsala University, Uppsala, Sweden, and were selected because they are low dose-rate radiation resistant and sensitive, respectively (19) . Both cell types have recently been used in studies on effects of low dose-rate irradiations (19, 23) . The cells were grown in Ham's F-10 medium supplemented with 10% fetal calf serum, 2 mmol/l L-glutamine, 100 μg/ml streptomycin and 100 U/ml penicillin, all components purchased from Biological Industries (Beit Haemek, Israel) or from Biochrom AG (Berlin, Germany). The cells were normally grown in an incubator of type Galaxy S (LabRum Klimat AB, Stockholm, Sweden) and during the experiments they were grown in a similar incubator (Kebo Assab T304GF, Stockholm, Sweden). Both incubators were run at 37˚C and contained 5% carbon dioxide in a humidified atmosphere.
Cell counting. The medium was removed from the cell dishes and the cells were quickly washed with 0.5 ml trypsin-EDTA (0.25% trypsin/0.02% EDTA solution in PBS, Merck Eurolab, Stockholm, Sweden) and then incubated with 0.5 ml trypsin-EDTA (37˚C, 5% CO 2 ) until the cells detached. Next, 1.5 ml medium was added to each dish and the cells resuspended to a single cell solution. For counting, 19.5 ml 1X PBS (pH 7.4) was added to 0.5 ml cell suspension and an electronic cell counter was used (Coulter Z2, 7-20 μm, Beckman Coulter, Stockholm, Sweden).
Growth curves and growth delays. Growth curves were constructed as if all cells would have been saved at each subcultivation. By calculating how many cells that would have been obtained if all cells were saved, such high cell numbers as e.g. 10 14 and higher were obtained. In reality, repeated dilutions were made to keep the number of cells in each culture flask in the range of 10 5 -10 6 , thus allowing for exponential growth. Four parallel flasks were kept for each experiment. Doubling times were determined through analysis of the slope of the growth curves during exponential growth. Growth delay was defined as the time difference, measured as the number of days, between the irradiated cells and the control cells to reach a cell number of 10 10 .
Low dose-rate radiation chambers. The irradiation chambers for low dose-rate beta irradiations and the dose-rate calibrations have previously been described (23) . The irradiation chambers were loaded by adding the beta emitter 32 P (Orthophosphate, Amersham Pharmacia Biotech, Amersham, UK), with the half-life 14.3 days. Six ml 32 P solution, at loading containing 2.22 GBq, was dissolved in 400 ml water. The dose-rate was controlled by measurements with a thin-walled ion chamber (23) . The beta irradiated cells were grown in 3-cm diameter culture dishes with a plastic bottom thickness of 1 mm above the 32 P source. The chambers were at 37˚C in cell culture incubators (Kebo Assab T304GF, Stockholm, Sweden) containing 5% carbon dioxide.
Sensitivity for low dose-rate exposures. The sensitivity for low dose-rate radiation of both U118MG and U373MG cells has been characterized in a recently published study from which the results given in Fig. 1 are taken (19) . It is seen that radiation doses in the order of 40 Gy are necessary for killing of 10 5 U118MG cells while only about 20 Gy seems to be necessary to kill 10 5 U373MG cells with low dose-rate radiation.
The results in Fig. 1 show that the U118MG cells were more resistant than the U373MG cells to the low dose-rate treatments. The shift from recovery to 'cure' fell within a rather narrow range of dose-rate and exposure time combi-nations. The highest studied dose-rate, ~0.8 Gy/h, is probably near the highest values that can be achieved in targeted radionuclide therapy (11, 12, 19) . The total radiation doses achieved after 1, 3 or 7 days exposure correspond to achievable doses in targeted radionuclide therapy (11) , but most often total doses of ≤10-20 Gy are obtained in such treatments of B-cell lymphomas (13) . The U118MG cells are known to have hyperradiosensitivity, HRS (i.e. high radiosensitivity at doses <0.5 Gy) while this is not the case for the U373MG cells (24) . However, HRS seems not to be of importance when these two types of cells are irradiated with low dose-rate (19, 23) .
Cell culture conditions during and after the low dose-rate irradiations. The parental cells were seeded sparsely in culture dishes (diameter 3.5 cm, surface 9.6 cm 2 , Nunc, Roskilde, Denmark) a few days before the start of the low dose-rate irradiations. They were seeded so that each culture dish contained about 10 5 cells at the start of the radiation exposure. The U118MG and U373MG cells were irradiated for 24 h with beta particles from 32 P at low dose-rates, ~0.81 and 0.66 Gy/h, up to doses of ~19.0 and 15.5 Gy, respectively. The irradiated cells were grown on the 32 P-chamber and nonirradiated control dishes were placed at a radiation shielded area in the same incubator. The cells did not reach confluence during the irradiation period. After the radiation exposure, the cells were moved from the irradiation chamber incubator to another incubator and the cell growth was followed for several months. At the first subcultivation after the radiation exposure, the cells were transferred from culture dishes to culture flasks (25 cm 2 , Nunc), and such flasks were then used throughout the whole growth period. The culture medium was replaced three times a week. Cell counting was in most cases performed once a week followed by reseeding of 10 5 cells in each new flask.
Handling of the survivors from the low dose-rate irradiations.
The parental U118MG cells, called ParRes, and the U373MG cells, called ParSen, surviving the low dose-rate irradiations were taken at indicated times (see Results) and were expanded to new monolayer cultures. The surviving ParRes and ParSen cells were from now and on called SurRes (surviving resistant) and SurSen (surviving sensitive), respectively. The survivors were grown under standard culture conditions for two weeks as new monolayer cultures before continued experiments applying high dose-rate photon exposures as described below.
Photon irradiations. Acute photon irradiations in the dose range 0-8 Gy were carried out to analyze if there were any differences in the radiosensitivity between the parental ParRes and ParSen cells and the survivors SurRes and SurSen. All dishes, including controls, were transferred to the irradiation source ( 137 Cs Gammacell 40 Exactor, MDS Nordion, Nuklex, Uppsala, Sweden) in a plastic box with a carbon filter. Cells in exponential growth were exposed to 0, 2, 4, 6 or 8 Gy, with an acute dose-rate of 1.40 Gy/min. The cells were then analyzed for growth, growth delays and radiosensitivity as described above. Approximately 0.5x10 5 trypsinated cells from each radiation dose were seeded. The cells were then grown until nearly confluent, trypsinated, counted and 0.5x10 5 cells seeded again. This was repeated several times and growth curves were obtained the same way as described in Growth curves and growth delays.
Growth extrapolation assay. Cells that do not grow sparsely and/or can not form distinct colonies are not suitable for the clonogenic survival assay. An alternative method is the growth extrapolation assay to determine 'intrinsic' radiosensitivity. It has been confirmed that the clonogenic survival assay and the growth curve assay can give comparable results (25) (26) (27) . The principal difference between these two approaches is that the clonogenic survival assay measures the reproductive capacity of individual cells in a rather short time interval (normally 1-2 weeks) whilst the growth extrapolation assay measures the reproductive capacity of an entire cell population over a longer time. The growth extrapolation assay was applied in this study since the glioma cells could not grow well as isolated cells as is necessary for the clonogenic survival assay. The growth curves were generated as described above and when all the cultures had reached exponential growth, the exponential curve was extrapolated back to the time of exposure, to determine the number of cells that seemed to be responsible for the regrowth. From this, an approximate estimate of the surviving fraction could be calculated.
Cell cycle analysis.
It was of interest to analyze possible changes between the parental ParRes and ParSen and the surviving SurRes and SurSen cells. The cell cycle analysis method has previously been described (23) and is only briefly described here. Two hours before cell harvest, BrdU (Sigma, St. Louis, MO, USA) was added to a final concentration 10 -4 M. After cell harvest, the cells were washed, fixed in 70% ethanol, and stored at 4˚C in the dark until staining and analysis. The fixed cells were centrifuged, ethanol was removed and about 10 6 cells were suspended in 2 ml 4 M HCl. After 20 min, 5 ml of PBS was added, the tubes were vortexed and centrifuged for 5 min at 600 x g. This procedure was repeated twice using wash solution (2% bovine serum albumin in PBS). After the last wash the cell pellet was vortexed and 10 μl of an FITC-tagged anti-BrdU antibody (F7210, Dako, Glostrup, Denmark) was added. After 30 min of incubation at 4˚C, the cells were washed two times with wash solution as above to remove unbound antibody. After the last wash, 0.5 ml PBS with 100 μg/ml propidium iodide (PI; Sigma, St Louis, MO, USA) was added during vortex mixing, thereafter the samples were left at 4˚C for at least 30 min. The flowcytometric analysis was done using a FACSort (BD Biosciences, San Jose, CA, USA) flow cytometer. Forward scatter, side scatter, Fl1 (FITC) and Fl3 (PI) fluorescence signals were collected. The doublet discrimination module was used for the PI signals to restrict the analysis to single cells. Generally 30,000 events were collected from each sample. Data analysis and plotting were done using CellQuest software (BD Biosciences). Areas of interest for G 1 , S and G 2 phase cells were defined and the proportion of cells in each of these regions were used for the calculation of cell cycle distributions (23) .
Determination of DNA content. For the determination of the amount of DNA, cells were treated as in the cell cycle analysis protocol but with some changes. After the BrdU-pulse the cells were fixated together with chicken red blood cells, CRBC, as a DNA standard, using ~10 4 chicken cells per 10 6 tumour cells. The chicken cells were carried along with the tumour cells through the whole staining procedure. The only change in the staining protocol was that since the CRBC are smaller than the tumour cells all centrifugation times had to be doubled. In the FACS analysis information about both the cell cycle distribution and the DNA content could be gathered simultaneously. The CRBC DNA content is ~35% of the DNA content of a normal human diploid cells, so the DNA content could also be compared to diploid cells. Results are presented as the change in DNA content when compared to diploid cells and also when compared relative to each other.
Analysis of radiation-induced apoptosis.
The apoptosis analysis method has previously been described (23) so only a short description is given here. The cells were in this study analyzed to assess their tendency to undergo apoptosis after an acute challenging high dose-rate exposure to gamma radiation. Apoptotic cells were found with the Annexin V-FACS analysis. Apoptotic cells can be distinguished by both morphological and biochemical changes. Apoptotic cells expose phosphatidylserine (PS) on the extra-cellular surface of the cytoplasmic membrane, whereas in healthy cells PS is located on the inside of the membrane. The translocation of PS to the outer side of the membrane on apoptotic cells targets them for phagocytosis of macrophages. Annexin V is a human vascular anticoagulant, a Ca 2+ -dependent phospholipids binding protein that binds with high affinity to PS. Annexin V is conjugated to a fluorescent dye that is detected by FACS. In dead or fragmented cells, Annexin V can enter the membrane and binds to PS on the inside of the cells thus giving a false-positive result. This can be circumvented by counterstaining the dead cells with propidium iodine that is only taken up by dead cells, so that all double positive (i.e. both Annexin V and propidium iodine positive) cells are excluded from the results. Cells were grown to half confluence and gamma irradiated with the doses, 0 (control), 5 and 9 Gy. Immediately prior to radiation the media of the cells were changed, and after radiation the cells were incubated for three days in the same media. The 3-day incubations and the radiation dose levels were chosen based on two articles stating that radiation-induced apoptosis detected with the Annexin V assay peaked after about three days for other analyzed cell lines in the dose interval from 2-10 Gy (28, 29) . Both detached and attached cells, three days after radiation exposure, were analyzed. The detached cells were counted and centrifuged at 1200 rpm (400 x g) for 10 min. The attached cells were trypsinated, counted and centrifuged the same way. All cell pellets were then washed in PBS and suspended in cold Annexin binding buffer (10 mM HEPES, 140 mM NaCl, 2,5 mM CaCl 2 , pH 7.4) to a concentration of 10 6 cells/ml buffer and kept on ice. Cell/buffer solution (100 μl) was used for each assay, mixed with 5 μl Annexin V conjugated with Alexa Fluor 488 (Molecular Probes, Eugene, Oregon, USA) and incubated for 15 min in RT. Then 400 μl of buffer together with 5 μl (10 μg/ml) propidium iodine was added and the solution was kept on ice until analysis on the FACSort. Areas of interest were defined using the CellQuest software and the amount of apoptotic cells was presented as percentages with standard deviations (23) . Fig. 2 shows growth curves for the parental U118MG cells, called ParRes (Fig. 2a) and parental U373MG cells, called ParSen (Fig. 2b) , irradiated for 24 h with beta particles at low dose-rates up to doses of about 19.0 and 15.5 Gy, respectively. The surviving U118MG and U373MG cells were, after a follow-up time of 4 and 6.5 months, respectively, collected called SurRes (U118MG-surviving resistant) (Fig. 2a) and SurSen (U373MG-surviving sensitive) (Fig. 2b) . The arrows in Fig. 2 indicate the times for harvest of the surviving cells that then were used in the experiments described below.
Results
Survival of the low dose-rate high dose beta irradiated cells.
The ParRes cells grew as bipolar fibroblast-like cells. The surviving SurRes cells maintained the morphology of the parental cells but with some minor changes. The SurRes cells tended to be somewhat smaller and have slightly shorter cytoplasmic extensions. The colony forming ability when grown as monolayer was low for both ParRes and SurRes cells. They also tended to migrate fast and did not form distinct colonies.
The ParSen cells were pleomorphic and grew as islands containing a dense mosaic cell-cell pattern. The SurSen cells had, in comparison to the ParSen cells, a decreased growth rate and also changes in cell morphology, such as larger cytoplasm and nucleus. Both the ParSen and SurSen cells had, when separated to isolated single cells, low cloning capacity.
Growth curves after acute 0-8 Gy exposures.
Growth curves for all four cell types after high dose-rate exposures to 0, 2, 4, 6 or 8 Gy are shown in Fig. 3 . The slope of the growth curves for non-irradiated ParRes and SurRes cells were similar when they regrew exponentially. For ParRes all the curves for irradiated and control cells followed each other closely with the same slope and there were only differences in the time for recovery after the irradiations. In SurRes cells the same pattern was observed for all curves except for the 8 Gy curve, which had a lower slope in the exponential phase There were observable re-irradiation induced changes in cell morphology for both ParSen and SurSen cells. After acute exposure to 2 Gy, both ParSen and SurSen cells were unchanged, but for higher acute doses, 4-8 Gy, there were differences. The SurSen cells that survived higher acute doses tended to swell and become abnormally large, but these large cells did not seem to continue to grow. Instead, SurSen cells that grew after 4-8 Gy acute doses were smaller and often densely packed together. Such acute radiation induced differences were not seen for cultures of ParRes and SurRes cells.
Growth extrapolation assay.
The results from the evaluation using the growth extrapolation assay are shown in Table I . There was no detectable difference in radiosensitivity between ParRes and SurRes cells and also no difference between the ParSen and SurSen cells. Thus, there were no signs of radiation induced radioresistance.
Growth delays. The obtained growth delays are shown in Fig. 4 . The growth delays were similar for ParRes and SurRes cells after exposures to 2-6 Gy but after 8 Gy there was an increase in the growth delay for the SurRes cells (Fig. 4a) . All growth delays, independent of radiation dose, were longer for the SurSen cells than for the ParSen cells (Fig. 4b) DNA content. The DNA content determination was done using chicken red blood cells as a calibration standard. The DNA content of the chicken cells could be related to the DNA content of a diploid human cell, since they have 35% of the DNA of a human diploid cell. It was found that the ParRes, SurRes, ParSen and SurSen cells had about 1.27, 1.34, 1.58 and 2.88 times more DNA, respectively, than a diploid human cell. The uncertainty in these determinations was <5%. Thus, the SurSen cells increased their DNA content with about 82% in relation to the ParSen cells which was a significant difference (p<0.001, paired t-test). The measured difference between ParRes and SurRes was negligible. Apoptosis. The ParSen cells had apoptotic indices, three days after high dose-rate radiation exposures, in the range 0-2% while the SurSen cells had values in the range 3-5%. However, in none of the cases there was a clear radiation dose-effect relation since the controls had approximatively the same levels as the irradiated cells. The apoptotic capacity for ParRes cells, i.e. U118MG cells, has previously been reported to be low (23) and it was not possible to measure apoptotic values with good statistics for either ParRes or SurRes cells.
Discussion
The growth curves of the control ParRes and SurRes cells (Fig. 3a) were rather similar with the exception that there was a time delay before the SurRes cells started to grow exponentially. This delay was probably required for the reproductive capacity to be restored after the previous high dose, low dose-rate irradiation used for the selection of survivors. For ParRes cells all curves for irradiated and control cells (Fig. 3) followed each other closely with the same slope and only differences in the time for recovery after the irradiations. In SurRes cells the same pattern was observed for all curves except for the dose 8 Gy (Fig. 3e) , which had a lower slope and a longer growth delay. Worth noting is that even though the single dose 8 Gy is rather high, at least compared to the 2 Gy that is normally given per day in external radiotherapy (15, 16) , both ParRes and SurRes cells were able to regrow and stabilize their reproductive capacity within 60 days after irradiation. A low apoptotic capacity of the ParRes cells, i.e. U118MG cells, has been previously reported (23) . Furthermore, there were no significant differences in the amount of DNA and no differences in radiosensitivity between the ParRes and SurRes cells.
For SurSen cells the growth in all cases, controls and irradiated, was much slower than for the parental ParSen cells (Fig. 3) . The time before the cells reached exponential growth was delayed with increasing radiation doses for both ParSen and SurSen cells. The curves for ParSen control and the irradiated, 2-6 Gy, had nearly the same slope, but the Table I . Survival as a function of the acute re-irradiation doses.
ParRes cells ---------------------------------------------------------------------------------------------------- Mean values and maximal variations from four parallel samples. NA, not analysed.
SurRes cells ParSen cells SurSen cells
- -------------------------------------------------------------------------------------------------- curve for 8 Gy deviated with a lower slope. Furthermore, all growth delays, independent of radiation dose, were longer for the SurSen cells than for the ParSen cells (Fig. 4b) . The SurSen cells increased their DNA content and the fraction of G 1 cells in comparison to the ParSen cells. The ParSen cells had apoptotic indices in the range 0-2% while the SurSen cells had values in the range 3-5%. All these changes suggest that the SurSen cells had undergone rather extensive changes as a consequence of the high dose, low dose-rate, beta irradiation that they previously had survived. In spite of these changes we could not detect indications of changes in radiosensitivity when applying the growth extrapolation assay ( Table I) .
There was an initial and inherent difference in radiosensitivity between the ParRes and the ParSen cells. In a previous study (23) low dose-rate acute effects in U118MG (ParRes) and U373MG (ParSen) cells were reported. In that study, the initial dose-rate was only 0.05-0.09 Gy/h and the exposure time 7 days. As expected, all cultures did regrow after such treatments. It was shown that the U373MG cells had, at day 7, the strongest cell number reduction and showed radiation induced apoptosis. The U118MG cells had surprisingly low cell number reductions, a G 2 block but no radiation induced apoptosis. This is in accordance with the results reported in the present study. Thus, a possible explanation for the initial difference in radiosensitivity might be cell type-dependent differences in the capacity for low dose-rate induced apoptosis.
It seems as if differences in hyperradiosensitivity, HRS, (measured at doses <0.5 Gy but at high dose-rate) are not of much importance for these cells, since the U118MG cells have been reported to have HRS, while U373MG cells have not (24) . If HRS would have been of importance under the initial low dose-rate exposure conditions, then the U373MG cells should have been more resistant than the U118MG cells. These results are in line with recent data, which indicated that HRS does not influence the outcome of hyperfractionated radiation therapy when human glioma cells were treated as xenografts (30) .
It has previously, in a few experimental studies, been indicated that radiation induced changes in radioresponse, e.g. changes in growth rate and radiosensitivity (31) can occur. Genomic instability of tumour cells with high mutation rates in combination with the selective pressure of radiation therapy can be a basis for the development of more resistant sub-clones that contributes to therapy failure. It has been demonstrated that permanently radioresistant cell clones can be induced after irradiation of the human-hamster hybrid GM10115 cells (18) . It has also been shown that upregulation of IFN-related signalling pathways, especially upregulation of STAT1, can be a reason for transient radiation induced radioresistance (32, 33) .
It is necessary to distinguish between mutation induced permanent changes in radiosensitivity and metabolism induced transient changes. A clue to molecular factors involved in transient sensitivity changes came from a report, showing that activation or inhibition of the DNA-damage sensor ATM is of importance (34) . It was found that DNA damage inflicted at low rate failed to activate ATM. However, if ATM was activated by chloroquine the cells survived the low dose-rate irradiations better. Thus, ATM activation seems to be an important factor, at least for transient changes in radiosensitivity. The phenomenon called adaptive response, meaning that a low radiation dose can transiently make the exposed cells more resistant to a following high radiation dose, has been shown for some cell types (35) . This can be considered as a form of radiation induced radioresistance although it is transient. A similar phenomenon is the recovery from hyperradiosensitivity, HRS, which is called increased radioresistance, IRR (24, 36) and that also means transient resistance. However, adaptive response and IRR seems to be of importance only when cells initially are exposed to low radiation doses, <1 Gy. Thus, IRR is probably of limited interest for radiotherapy of tumours since higher radiation doses are then applied. These phenomena can be of more interest for understanding of radiation effects on surrounding normal tissues, which often are exposed to low doses.
Activation of the epidermal growth factor receptor, EGFR, through interaction with ligands can also induce transient radioresistance (37, 38) . This activation is assumed to disappear as soon as the ligand mediated stimulation, e.g. by blocking with the antibody cetuximab (39), disappears. Constitutive activation of EGFR, via transfection with EGFRvIII, seems to give permanent radioresistance (40) . Radiation can itself transiently activate EGFR (41) but whether radiation can induce mutations so that EGFR is constitutively and permanent active is not known.
The transient and permanent radiation induced changes in growth have mainly been demonstrated in laboratory studies. No clinical data, to the knowledge of the authors, support importance of radiation induced changes in radiosensitivity due to external radiotherapy or due to low dose-rate radionuclide therapy of tumours. If that were the case, many clinical reports would most likely have been published on such a problem (compare with the large number of published reports on treatment induced chemotherapy resistance). However, we expect that this field will be further explored since more information is needed on radiation induced changes in human tumour cells.
